Abstract-Localized surface plasmon resonance (LSPR) biosensors are employed to detect target biomolecules which have particular resonance wavelengths.
INTRODUCTION
Localized surface plasmon resonance (LSPR) is associated with the collective resonances at the interface of a nano-particle (NP), i.e., negative index materials (NIMs), with a background media. This resonance leads to strong electric fields on the interface between the NP and the background media at a wavelength called the LSPR wavelength.
Nowadays, the applications of the surface palsmon resonance (SPR) devices are extended to utilizing metamaterials (MMs) against NIMs in microwave frequencies biosensing applications [1] , and sub-wavelength single-side doubleslot (SS-DS) MM and double-side double-slot (DS-DS) MM to have strong surface electric filed intensity enhancement with tuneable resonances [2] . Superlens with anti-reflection and phase control (ARPC-superlens) asymmetric structures have also been utilized in optical nano-imaging, bio-sensoring, and lithography to get superresolution and high contrast images [3] .
Moreover, an Au/Ag alloyed triangular nano-box (TNB) device has recently been used as a multifunction device in SERS biosensing and cancer drug delivery in vivo, where the femtosecond laser pulses are used to ablate the TNB and release the drug encapsulated in the TNB hollow [4] . Enhancement of the blue light emission from gallium nitride LEDs (GaN-LED) using the enhanced surface electric fields is another application, where silver metal-films are coated by n/p GaN-LED and quantum walls of the LED are in between [5] .
If the NP is placed on a substrate, which is often the case in these biosensors [6] [7] [8] , the resonance wavelength will be affected by the strength of the NP-substrate interaction [9] ; thus, the material, shape, and physical dimension of both NP and substrate have remarkable impacts on the NP scattering, absorption, and extinction spectrum [10] . Determining this wavelength is essential in LSPR applications such as surface enhanced Raman scattering (SERS) biosensors. Biomolecules are usually Raman scatterers resonating at a particular wavelength [11] . Thus, a procedure that can be used to design LSPR devices with a desired resonance frequency is needed for a variety of application areas.
Increasing the size and elongation of NPs red-shifts the resonance wavelength and increases the enhancement. However, if the size of the NPs is comparable to the incident wavelength, multipoles are excited in addition to dipoles, which flatten the LSPR spectrum and reduce the biosensing efficiency. This flattening is due to the retardation effects where conduction electrons do not all move in phase [12, 13] .
Experiments show that increasing the dielectric permittivity of the background media red-shifts the plasmon resonance causing stronger Fano resonance [14] , and accordingly more enhancement. Proper design of a surrounding media is very important in design of LSPR NPs for biosensing. Noble metals that possess a negative real and a small positive imaginary dielectric constant are capable of supporting a LSPR. The most common noble metals used in LSPR applications are silver (Ag), gold (Au), copper (Cu), and aluminium (Al). Silver and gold are more common for plasmonics applications than the other metals because of their high enhancement capability in the visible wavelength ranges. Maximum SERS (surface enhanced Raman scattering) enhancements on silver surfaces are greater than those on gold surfaces in the visible region [15] : in addition silver NPs present sharper LSPR spectrum than gold NPs due to their higher inter band threshold [16] . However, silver NPs are highly prone to oxidation and thus, have short-term stability [17] . A review on how the surrounding media, NPs morphology, and material can affect the LSPR spectrum was given by Mortazavi et al. [18] .
Alumina (Al 2 O 3 ) is an insulator with a high electrical resistivity of about 1 × 10 14 Ω · cm and higher dielectric constant than glass. Alumina has recently been used in LSPR devices as an adhesion layer between the NP and glass [19] . Alumina is abundant and inexhaustible, insoluble in water, and has great resistance against weathering and strong acid. It is a good thermal conductor and can reduce thermal shock resistance. In addition, it has the capability of forming in any size and shape, which is advantageous in LSPR device fabrication. A thin layer of alumina is easily formed on any exposed aluminium surface protecting it from further oxidation and high temperature [20] . Whitney et al. used atomic layer deposition (ALD) to deposit 1-600 monolayers of Al 2 O 3 on silver film over nanosphere (AgFON) substrates [21] . Since alumina plays the role of a polar adsorbent, the biomolecules, particularly those with strong polarity (e.g., carboxylic acids) have a strong affinity to the alumina. Thus, another advantage of using alumina is in detecting target biomolecules [22] . Experimental investigation of the optical response of silver NPs capped with alumina dielectric using high-angle dark field microscopy has been demonstrated. The plasmonic response of the structure is highly dependent on the cap material and size as well as the NP physical dimensions [17] .
Regarding the advantages of alumina, it is prudent to attempt to use this material when developing NP biosensors. In this paper we show that using Al 2 O 3 we are able to modify the LSPR resonance tunabilty of the silver NPs, while providing good protection against oxidation. The wide range of LSPR resonance tunability using an alumina capped nano-disk is guaranteed by variation of the cap thickness. This feature is compared with the effect of the glass substrate thickness on LSPR resonance for nano-disks [23] . In this paper, simulations are carried out using the Finite Difference Time Domain (FDTD) method, and the results are interpreted using the analytical electrostatic eigenmode method [9, [24] [25] [26] ].
THEORETICAL BACKGROUND
Mie theory [27] is the oldest analytical method for solving the LSPR problem; however, it is restricted to spherical NP shapes. In this paper, the electrostatic eigenmode method [9] is employed to formulate the concept of image-charge for different shapes of NPs [28] .
Dipole resonance modes can be investigated through the electrostatic eigenmode approximation [9, 24] where the surface plasmon resonances can be calculated using the oscillating surface charge distribution σ k (r q ) at the surface S q denoted by the polar distance of r q and the normal vector ofn, at resonance mode k, as shown in Figure 1 .
Where, ε m (ω k ) is the permittivity of the metal at the k-th resonance frequency ω k , and ε b is the permittivity of the background medium.
For an arbitrary ensemble of NPs, the surface charge distributions at mode kσ k (r), can be written as a superposition of the normal modes of each NP of the ensemble as follows:
where γ k is the eigenvalue or the natural resonance of a single NP due to the charges on the surface denoted by polar distance r, and dS q is the differential of the surface S q surrounding the NP [9, 24] . The total surface charge σ (r) is calculated as the weighted summation of the surface charges at every mode k:
where a k (ω k ), the excitation amplitude of the k-th resonance mode is given by:
In the above equation, p k is the average dipole moment of the NP at the k-th resonant mode ω k , and E 0 is the incident electric field amplitude.
Resonant frequency ω k is calculated using the eigenvalue at mode k and the metal permittivity at this resonance frequency is as follows:
For a single spherical NP we have γ k = 3; therefore, Eq. (4) gives the following resonance condition in a limited range of NP size which will be investigated in this paper.
In the presence of a substrate in a background medium, the surface charges from the metal polarize both the substrate and the medium; thus, additional surface charges are created at the interface between the metal and the substrate. This phenomenon can be described by the charge-image theory [28] . As shown in Figure 2 , in the charge-image theory, the combination of both substrate with electric permittivity ε s and medium with electric permittivity ε b (Figure 2 The electric field from the surface charges of the NP in the background medium σ (r) at a position r induces a surface charge of σ (r 1 ) at the mirror position r 1 :
This surface charge can be imagined as the surface charge on a mirror image (i.e., pseudo NP) inside the substrate, as shown in Figure 2 (a) Therefore, we can assume that we have two identical interacting NPs, where electromagnetic Maxwell's equations can be analytically solved using the electrostatic eigenvalue method if the size of NPs is much less than the incident wavelength [9, [24] [25] [26] . This interaction leads to a shift in the LSPR frequency. It has been shown that in the presence of the substrate, the excitation amplitudeã k (ω k ) at the k-th mode equals to: where
and the interaction of the NP with the substrate is specified by the T -factor:
which depends on the surface dipole eigenfunction τ k (r) at the position of the NP, and surface charge eigenfunction σ k (r 1 ) at the position of the mirror image of the NP. The T -factor shows how strong the interaction between the NP and its mirror image is; it can be approximated by the following formula:
whered is the distance vector between the centres of the NP and its mirror image in the substrate. By comparing Eq. (3) and Eq. (7), it can be seen that the resonance frequency is changed in the presence of the substrate from ω k toω k , as if the NP is entirely immersed in a medium with dielectric permittivity of ε eff :
The polarizability of a NP with radius r, which represents a distortion of the electron cloud in response to an external electric field is calculated as follows [29] :
In addition, if the NP with thickness t is coated with a thin layer of dielectric of thickness d and dielectric constant ε d , the polarizability is given by [30] :
In this paper, the advantage of using the alumina cap on tuning the resonance wavelength is proven. It is analytically explained that this advantage is due to the high dielectric constant of alumina. Alumina also has a positive impact on the protection of the silver NPs against oxidation
In addition, it is analytically shown how the physical dimensions, shape, and material type in a LSPR device can change the effective medium permittivity ε eff , which in turn controls the plasmon resonance wavelength
SIMULATIONS AND DISCUSSIONS
The finite difference time domain (FDTD) method with PML boundary conditions [31] is used to investigate a NP on a glass substrate (see Figure 3 (a)); and compared to the LSPR resonance of an NP on a glass substrate when an alumina cap is placed on top of the NP (see Figure 3(b) ). In our simulations, the incident light is taken as a total field scattered field (TFSF) source [31] on the z-direction with polarization along either the x-or y-axis, which is along the elongation of the NPs, to get maximum efficiency. FDTD algorithm has capability of parallel programming implementation for very large size FDTD calculations, which will fairly speed up the modelling process [32] . In addition to the parallel processing methods, graphics processing unit (GPU) based implementation of the FDTD method offers higher processing speed than the conventional methods in the plasmonics area while presenting the same accuracy [33] .
In this modelling ε eff , defined in Eq. (12), is calculated based on the reference structure of a nano-disk with radius of 40 nm and thickness of 30 nm placed on a semi-infinite glass substrate. This nanodisk structure is used as a reference to find out how increasing the thicknesses of every component in the device including the NP and the alumina cap affect the plasmon spectrum. In this simulation, only the dipole mode, i.e., the first mode, (k = 1) is considered; therefore, the k superscripts are no longer included in the following notes. The metal electric permittivity of the reference NP at the resonance wavelength λ is denoted by ε m (λ), while the resonance wavelength of the modified structures is denoted byλ. Here, the resonance wavelength λ corresponds to the resonance frequency ω.
Figures 4(a)-(c) indicate plasmon wavelengthλ, ε eff , and full width at half maximum (FWHM), which measures the sharpness of the spectrum, for the two structures, i.e., with and without alumina cap. The FWHM has been calculated as this gives an indication of the damping mainly due to inter band and intra band energy activation thresholds which is strongly dependent on the shape and material of the NPs.
Two cases have been considered as follows. Figure 4 demonstrates the effect of each of the two described structures on the LSPR. The results of using the first structure are shown by green colour and for the second structure by red colour. The factors compared are the resonance wavelength (Figure 4(a) ), the effective permittivity (Figure 4(b) ), and the FWHM (Figure 4(c) ).
Enhancement of LSPR Spectrum Factors
These results demonstrate the following:
• The variation of the plasmon wavelengthλ exactly follows the variation of the effective epsilon in all cases (compare Figure 3 (a) to Figure 3(b) ). Since the eigenvalue γ is mostly dependent on the shape and physical dimensions of the NP, the values of ε m (λ) and ε eff are related by the constant value of γ as shown in Eqs. (1) and (2).
• The Plasmon wavelength drops and the LSPR spectrum flattens (i.e., FWHM increases) through thickening the NP (green) where NPs thicker than around 50 nm exhibit a much flattened spectrum.
• Adding a cap with higher electric permittivity than the glass substrate (e.g., alumina cap), both red-shifts the plasmon wavelength and sharpen the LSPR spectrum.
The last criterion is justified using Eqs. (14)- (17) . According to Eq. (14), the plasmon resonance occurs when the denominator of the fraction approaches zero, i. ε B , the value of ε A must be inevitably increased, which necessitates increasing the absolute value of ε m which occurs at higher wavelengths. This result justifies the higher ramp in both the effective permittivity and plasmon wavelength as shown in green colour graphs in Figure 4 ; (iii) if there is a thick cap (p ≈ 1), then ε A = ε B = ε m + 2ε d . Therefore, to realize the resonant condition ε d ε A = −2ε b ε B , we need to have ε m = −2ε d . Since alumina has higher permittivity than glass, the required resonant condition necessitates having higher threshold value for ε m which occurs at higher wavelengths.
In addition, the sharpness of the LSPR spectrum is mainly due to the lower inter band activity threshold of the material used in the LSPR NPs. For example, the LSPR spectrum of silver NPs are sharper than that of the gold NPs due to the lower inter band activity threshold of silver (2 eV) than gold (3.85 eV). Since aluminium has a very low inter band activity threshold of 1.5 eV [16] , putting alumina on top of the NPs enhances the sharpness of the LSPR spectrum. In addition, as shown by Sing et al. [34] , a gentle breaking of the NPs symmetry, e.g., here a two layer NP, results in a weak interference between the bright and dark resonance modes [35] ; therefore the creation of a sharper Fano resonance [14] was observed in our work.
Enhancement of Sensitivity and Surface Electric Fields at Hot Spots
Obviously, in the absence of a substrate, for shapes with two bases like nano-disks, the same enhancement is observed at tips along the polarization angle, i.e., along y-axis in this simulation, on both upper and lower bases. However, when putting the NP on a glass substrate, the plasmon enhancement is more pronounced at the sharp tips in the surface interface between the nano-disk and the substrate, as shown in Figure 5 . This is the direct result of interaction of the NP mirror image with the original NP when using a substrate.
Besides, simulation results show that adding an alumina cap on the NP slightly enhances the scattering and the extinction cross sections at the interface between the NP and the glass substrate. Therefore, the alumina cap does not negatively affect the sensitivity of the LSPR device as a biosensor when an analyte is placed in the hot spots on the substrate; the reason is that the sensitivity in LSPR biosensors is dependent on the value of the light/matter interaction and quantified as a function of the fraction of light at the sensor surface [36] . In other research, it is also shown that putting a dielectric material with high dielectric constant on top of the NP can enhance the sensitivity of the device [37, 38] . However, because of the weak binding capacity of the glass, due to its flat surface, nano-porous alumina has recently been used to provide a greater sensitivity for gene detection; the reason is that the target molecules can be easily immobilized on the porous material [39] . In addition, phase detection method using a photo-elastic modulator can be employed in the grating-based SPR biosensors to increase the sensing sensitivity [40] .
Enhancement of Resonance Wavelength Tunability
Figure 6(a) shows the variation of the plasmon wavelength versus the cap thickness as a function of the NP size. Obviously, the larger the NP is, the less effective epsilon can be attained (see Figure 6 (b)); thus, the plasmon wavelength is more shifted towards red. If we assume that our background is free air with ε b = 1, since for every kind of substrate ε s ≥ 1, then −1 ≤ η < 0; therefore, ε s ≥ε b = 1. Accordingly, increasing the base size of the NPs raises the plasmon frequency and eigenvalue γ in the extrinsic regime [13] ; according to Eq. (10), this will increase the T -factor due to more interaction between the NP and its mirror image, which in turn decreases ε eff in Eq. (11). Regarding T and γ being positive values and η being a negative value, we expect that ε eff ≥ ε b = 1, where the equal sign is fulfilled for the no-substrate case (T = 0). Therefore, since the T -factor for high enough substrate thicknesses is independent of the substrate thickness, increasing the substrate thickness raises ε eff from one towards a ceiling value according to Eqs. (9)- (12) . The proportional resonance wavelength difference between the structure in question,λ, and the reference NP over the substrate, λ, is defined as δλ = (λ − λ)/λ. This quantity is less sensitive to the NP size and has an exponential growth approaching a limit value of 0.06, as shown in Figure 6(c) . Therefore, regardless of the NP size we can precisely attain around 6% increase in the plasmon wavelength, by thickening the Al 2 O 3 cap from 0-40 nm. These results can be interpreted by applying the eigenmode interaction method on the charge-image theory, as explained in Section 2. According to Figure 6 (c), the δλ quantity for the proposed Al 2 O 3 capped NP on a 30 nm-thick glass substrate is calculated as a function of the cap (18) Another advantage of using the alumina cap is revealed from Figure 6 (d). This graph explains how thickening the alumina cap will be utilized to sharpen the LSPR spectrum (i.e., smaller FWHM), while larger NPs present less sharp spectrum.
According to the definition of δλ = (λ − λ)/λ, it is concluded that:
To numerically calculate the resonance wavelength of the two modified structures (Experiments 1 and 2) , an estimate of the resonance wavelength of the reference NP (the individual NP with thickness of 30 nm without any alumina cap) on the glass substrate as a function of the radius of the NP is required. Figure 7 shows the variation of the resonance wavelength of the reference NP versus the radius of the NP (blue color for silica glass substrate). Accordingly, we can precisely estimate λ (r) as a function of the radius r, r > 20 nm, as follows: λ (r) = 4.1r + 388.2, r > 20 nm (20) Therefore, the resonance wavelength of the NP capped with alumina is formulated as a function of the size of the NP (r ≥ 20 nm) and the thickness of the alumina cap, as follows:
, r > 20 nm (21) Figure 7 also compares the resonance wavelengths of the reference NP over silica glass with refractive index of 3.81 (blue colour), Pyrex7052 with refractive index of 5.07 (green colour), and Pyrex1710 with refractive index of 6.00 (red colour) [41] . As observed from , regardless of the material of the substrate, very small NPs (i.e., NPs with radius less than 2 nm) represent another physical phenomenon in their LSPR behaviour, which is called intrinsic effect or quasi-static effect. In this range of radii, increasing the radius of the NP sharply drops the resonance wavelength. The intrinsic effect or quasi-static regime of the NP directly affects the metal permittivity ε (r), while more multipoles are observed in the extinction spectrum and all the resonance peaks are very weak [13, 18] . This effect will be more pronounced for anisotropic material; where ε m along the radial and tangential directions of the metal differ from each other. The electromagnetic simulation on a radially anisotropic cylinder demonstrates higher and sharper multipole resonance peaks than that of dipole resonance; along the radial and tangential directions of the metal differ from each other. The electromagnetic simulation on a radially anisotropic cylinder demonstrates higher and sharper multipole resonance peaks than that of dipole resonance; in addition, small changes of anisotropy shows a significant impact on the surface electric field enhancement efficiency [42] . In addition, as the radius decreases below 20 nm, the resonance wavelength blue-shifts, but it then red-shifts near 15 nm. Similar results have recently been observed by Shalabney and Abdulhalim [38] as well.
In addition, Figure 7 demonstrates that using substrates with higher refractive index red-shifts the resonance wavelength of the LSPR device. This phenomenon is revealed by Eqs. (8), (11) and (12) . Accordingly, the higher is the refractive index (or permittivity) of the substrate, the longer resonance wavelength is attained. In addition, the presence of a substrate with higher permittivity results in a higher Rayleigh scattering factor; and therefore, higher surface electric field [43] . In addition, the LSPR spectrum is very dependent on the shape and aspect ratio of the NPs as recently discussed by authors in [44] .
CONCLUSION
We investigated the effect of substrate on the LSPR spectrum for silver nano-disks. Using the image-charge theory, we concluded that putting a NP on a glass substrate causes an enhanced electric field on the interface between the NP and the substrate. We presented a new method to finely tune the resonance wavelength of the NP by placing an alumina cap on top of the NP. Thus, by finely changing the cap thickness, the resonance wavelength is precisely tuned in a wide range of wavelengths. The second advantage of utilizing the alumina cap is in sharpening the LSPR spectrum. In addition, covering the surface of the silver NP protects it from oxidation and high temperature. 
